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Abstract
An analysis of the Dirac neutrino magnetic moment with standard model interactions gives
µν ∼ 3×10−19µB(mν/1eV ). The observation of a significantly larger magnetic moment will provide
a clear signal of new physics beyond the standard model. The current experimental limits on the
neutrino magnetic moments are orders of magnitude larger than the prediction with the standard
model interactions and thus its test appears out of reach. Here we give an analysis of the Dirac
neutrino magnetic moments within the framework of a minimal supersymmetric standard model
extension with a vectorlike lepton generation. Specifically we compute the moments arising from
the exchange of W and the charged leptons in the loop, as well as from the exchange of charginos,
charged sleptons and charged mirror sleptons. It is shown that the neutrino moment in this case
can be several orders of magnitude larger than the one with standard model like interactions, lying
close to and below the current experimental upper limits and should be accessible in improved
future experiment. A correlated prediction of the heaviest neutrino lifetimes from radiative decays
to the lighter neutrinos via exchange of charginos and sleptons in the loops is also made. The
predicted lifetimes are several orders of magnitude smaller than the one with the standard model
interactions and also lie close to the current experimental limits from analyses using the cosmic
background neutrino data.
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1 Introduction
A Dirac neutrino with standard model interactions has a magnetic moment which is given by [1]
µνi =
3meGF
4
√
2pi2
mνi ' 3× 10−19
(mνi
eV
)
µB , (1)
where µB = e/2me is the Bohr Magneton (for related works see [2]). The observation of a neutrino
magnetic moment larger than that of Eq. (1) would be a clear sign of the presence of new physics
beyond the standard model. Thus a determination of the neutrino magnetic moment is of great
significance in the search for physics beyond the standard model. There are a variety of experimental
searches which we discuss below. Thus the Borexino experiment[3] gives an upper bound of
µν ≤ 5.4× 10−11µB 90% CL . (2)
which improves the previous limit of 8.4 × 10−11µB found in [4]. Since Borexino explores solar
neutrinos, the magnetic moment measured by Borexino is a linear combination of the magnetic
moments of the three neutrino flavors. Separately the limits on e, µ and τ neutrinos are
µνe < 5.8× 10−11µB, (3)
µνµ < 1.5× 10−10µB, (4)
µντ < 1.9× 10−10µB. (5)
In reactor experiments the constraint on the neutrino magnetic moment depends on the flavor of
the initial neutrino such as in νi − e scattering. Thus in such experiments the constraint on one
flavor can be gotten7. The TEXONO Collaboration gives an upper limit of [5]
µνe < 7.4× 10−11µB, 90% CL. (6)
The GEMMA experiment [6] (For previous limits see [7]) gives an upper limit of
µνe < 2.9× 10−11µB, 90% CL . (7)
A more stringent limit comes from a study of the red giants at the time of helium flash, and the
analysis of [8] gives a constraint on the neutrino dipole moment of
µν < 3× 10−12µB , (8)
7In e+e− annihilation process e+e− → νν¯γ constraints on the neutrino magnetic moments can also be obtained
but such constraints are relatively weak [9].
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(which is essentially a limit on the magnetic moment µνe) while the Particle Data Group [9] gives
a more comprehensive list of neutrino magnetic moment limits most of which, however, are not
competitive with the limits in Eq. (2)-Eq. (8). Recently the authors of [10] have derived an upper
bound on the Dirac neutrino magnetic moment within a low energy effective theory and obtain a
limit of µν ≤ 10−14µB. The derivation assumes there be no fine-tuning of the coefficients of the
operators in the effective theory. [The literature on neutrino magnetic moments is extensive. For
some recent works see [11, 12, 13] and for recent reviews see [14, 15, 16]]. In any case one finds
that all of the limits above whether experimental or theory are several orders of magnitude larger
than the estimate of Eq. (1).
In this work we carry out an analysis of the neutrino magnetic moments in an extension of MSSM
which includes a vectorlike leptonic generation which leads to significantly larger neutrino magnetic
moments than given by Eq. (1). Vector like generations arise in many GUT and string models [17]
and have been discussed in the literature quite frequently [18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28].
The outline of the rest of the paper is as follows: In Section 2 we describe briefly the frame-
work of the model which is an extension of the minimal supersymmetric standard model (MSSM)
including a vector leptonic multiplet. Here we define the basic interactions that mix the vector like
generation with the regular three generations of leptons and sleptons. These mixings arise via the
superpotential couplings as well as via soft breaking. In Section 3 we present the interactions of
the neutrinos with W bosons, leptons, and their mirrors and in Section 4 we give the interactions
of the neutrinos with charginos, sleptons and mirror sleptons. Using these interactions a full one
loop analysis of the neutrino magnetic moments is carried out in Section 5 where the contributions
from the exchange of the W and the charged leptons arise via loops shown in Fig. 1 and the con-
tributions from the exchange of charginos, sleptons and mirror sleptons arise via loops shown in
Fig. 2. In Section 6 we give a numerical analysis of the size of effects as a result of the mixing of
the vectorlike generation with the three regular generations of leptons and sleptons. The analysis
shows that neutrino magnetic moments as large as (10−10 − 10−14)µB can be gotten in models
discussed in Section 5 (For large neutrino magnetic moments arising from large extra dimensions
see [29, 30]). In this section we also give an evaluation of the ν3 lifetime on which experimental
lower limits exist from radiative decays of the cosmic background neutrinos. Conclusions are given
in Section 7. Further details of the model are given in Section 8.
2
2 MSSM Extension with a vector leptonic multiplet
Vector like multiplets arise in a variety of unified models [17] some of which could be low lying. Here
we simply assume the existence of one low lying leptonic vector multiplet which is anomaly free
in addition to the MSSM spectrum. Before proceeding further it is useful to record the quantum
numbers of the leptonic matter content of this extended MSSM spectrum under SU(3)C×SU(2)L×
U(1)Y . Thus under SU(3)C × SU(2)L × U(1)Y the leptons of the three generations transform as
follows
ψiL ≡
(
νiL
liL
)
(1, 2,−1
2
),
lciL (1, 1, 1),
νciL (1, 1, 0) . (9)
where the last entry on the right hand side column is the value of the hypercharge Y defined so
that Q = T3 + Y . These leptons have V − A interactions. We can now add a vectorlike multiplet
where we have a fourth family of leptons with V − A interactions whose transformations can be
gotten from Eq.(9) by letting i run from 1-4. A vectorlike lepton multiplet also has mirrors and so
we consider these mirror leptons which have V + A interactions. Its quantum numbers are given
by
χc ≡
(
EcL
N cL
)
(1, 2,
1
2
),
EL (1, 1,−1),
NL (1, 1, 0). (10)
Interesting new physics arises when we allow mixings of the vectorlike generation with the three
ordinary generations. Thus the superpotential of the model allowing for the mixings among the
three ordinary generations and the vectorlike generation is given by
W = −µijHˆ i1Hˆj2 + ij [f1Hˆ i1ψˆjLτˆ cL + f ′1Hˆj2ψˆiLνˆcτL + f2Hˆ i1χˆcjNˆL + f ′2Hj2 χˆciEˆL
+ h1H
i
1ψˆ
j
µLµˆ
c
L + h
′
1H
j
2ψˆ
i
µLνˆ
c
µL + h2H
i
1ψˆ
j
eLeˆ
c
L + h
′
2H
j
2ψˆ
i
eLνˆ
c
eL]
+ f3ijχˆ
ciψˆjL + f
′
3ijχˆ
ciψˆjµL + f4τˆ
c
LEˆL + f5νˆ
c
τLNˆL + f
′
4µˆ
c
LEˆL + f
′
5νˆ
c
µLNˆL
+ f ′′3 ijχˆ
ciψˆjeL + f
′′
4 eˆ
c
LEˆL + f
′′
5 νˆ
c
eLNˆL , (11)
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where ˆ implies superfields. The mass terms for the leptons and mirror leptons arise from the term
L = −1
2
∂2W
∂Ai∂Aj
ψiψj +H.c. (12)
where ψ and A stand for generic two-component fermion and scalar fields. After spontaneous
breaking of the electroweak symmetry, (〈H11 〉 = v1/
√
2 and 〈H22 〉 = v2/
√
2), we have the following
set of mass terms written in the 4-component spinor notation so that
− Lm = ξ¯TR(Mf )ξL + η¯TR(Mg)ηL +H.c., (13)
where the basis vectors in which the mass matrix is written is given by
ξ¯TR =
(
ν¯τR N¯R ν¯µR ν¯eR
)
,
ξTL =
(
ντL NL νµL νeL
)
,
η¯TR =
(
τ¯R E¯R µ¯R e¯R
)
,
ηTL =
(
τL EL µL eL
)
, (14)
and the mass matrix Mf is given by
Mf =

f ′1v2/
√
2 f5 0 0
−f3 f2v1/
√
2 −f ′3 −f ′′3
0 f ′5 h′1v2/
√
2 0
0 f ′′5 0 h′2v2/
√
2
 . (15)
The mass matrix is not hermitian and thus one needs bi-unitary transformations to diagonalize it.
We define the bi-unitary transformation so that
Dν†R (Mf )D
ν
L = diag(mψ1 ,mψ2 ,mψ3 ,mψ4). (16)
Under the bi-unitary transformations the basis vectors transform so that
ντR
NR
νµR
νeR
 = DνR

ψ1R
ψ2R
ψ3R
ψ4R
 ,

ντL
NL
νµL
νeL
 = DνL

ψ1L
ψ2L
ψ3L
ψ4L
 . (17)
In Eq. (16) ψ1, ψ2, ψ3, ψ4 are the mass eigenstates for the neutrinos, where in the limit of no mixing
we identify ψ1 as the light tau neutrino, ψ2 as the heavier mass eigen state, ψ3 as the muon neutrino
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and ψ4 as the electron neutrino. To make contact with the normal neutrino hierarchy we relabel
the states so that
ν1 = ψ4, ν2 = ψ3, ν3 = ψ1, ν4 = ψ2 , (18)
which we assume has the mass hierarchical pattern
mν1 < mν2 < mν3 < mν4 . (19)
We will carry out the analytical analysis in the ψi notation but the numerical analysis will be
carried out in the νi notation to make direct contact with data. A similar analysis goes to the
lepton mass matrix M` where
M` =

f1v1/
√
2 f4 0 0
f3 f
′
2v2/
√
2 f ′3 f ′′3
0 f ′4 h1v1/
√
2 0
0 f ′′4 0 h2v1/
√
2
 . (20)
Next we consider the mixing of the charged sleptons and the charged mirror sleptons. The mass
squared matrix of the slepton - mirror slepton comes from three sources: the F term, the D term
of the potential and the soft susy breaking terms. Using the superpotential of Eq. (11) the mass
terms arising from it after the breaking of the electroweak symmetry are given by the Lagrangian
L = LF + LD + Lsoft , (21)
where LF is deduced from Eq. (11) and is given in the Appendix, while the LD is given by
− LD = 1
2
m2Z cos
2 θW cos 2β{ν˜τLν˜∗τL − τ˜Lτ˜∗L + ν˜µLν˜∗µL − µ˜Lµ˜∗L + ν˜eLν˜∗eL − e˜Le˜∗L
+ E˜RE˜
∗
R − N˜RN˜∗R}+
1
2
m2Z sin
2 θW cos 2β{ν˜τLν˜∗τL + τ˜Lτ˜∗L + ν˜µLν˜∗µL + µ˜Lµ˜∗L
+ ν˜eLν˜
∗
eL + e˜Le˜
∗
L − E˜RE˜∗R − N˜RN˜∗R + 2E˜LE˜∗L − 2τ˜Rτ˜∗R − 2µ˜Rµ˜∗R − 2e˜Re˜∗R}. (22)
For Lsoft we assume the following form
− Lsoft = M˜2τLψ˜i∗τLψ˜iτL + M˜2χχ˜ci∗χ˜ci + M˜2µLψ˜i∗µLψ˜iµL + M˜2eLψ˜i∗eLψ˜ieL + M˜2ντ ν˜c∗τLν˜cτL + M˜2νµ ν˜c∗µLν˜cµL
+ M˜2νe ν˜
c∗
eLν˜
c
eL + M˜
2
τ τ˜
c∗
L τ˜
c
L + M˜
2
µµ˜
c∗
L µ˜
c
L + M˜
2
e e˜
c∗
L e˜
c
L + M˜
2
EE˜
∗
LE˜L + M˜
2
N N˜
∗
LN˜L
+ ij{f1AτH i1ψ˜jτLτ˜ cL − f ′1AντH i2ψ˜jτLν˜cτL + h1AµH i1ψ˜jµLµ˜cL − h′1AνµH i2ψ˜jµLν˜cµL
+ h2AeH
i
1ψ˜
j
eLe˜
c
L − h′2AνeH i2ψ˜jeLν˜ceL + f2ANH i1χ˜cjN˜L − f ′2AEH i2χ˜cjE˜L +H.c.} . (23)
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Figure 1: The diagrams that contribute to neutrino magnetic dipole moment via exchange of the
W boson and of the leptons and of the mirror leptons where the photon is either emitted by the
W boson (right) or by the lepton or by the mirror lepton (left) inside the loop.
Figure 2: The diagrams that contribute to neutrino magnetic dipole moment via supersymmetric
loops involving the exchange of charginos and of sleptons and mirror sleptons where the photon is
either emitted by the chargino (left) or by the slepton or by the mirror slepton (right) inside the
loop.
3 Interactions of W boson, leptons, mirrors and neutrinos
The magnetic dipole moments of the neutrinos arise from the loop diagrams of Fig. 1 and Fig. 2.
We now write the charged current interaction in the leptonic sector for the three generations and
for the mirror generation with the W boson,
− LCC = g
2
√
2
W †ρ{ν¯τγρ(1− γ5)τ + ν¯ργµ(1− γ5)µ+ ν¯eγρ(1− γ5)e+ N¯γρ(1 + γ5)E}+H.c. (24)
Using Eq.17, and its counterpart in the lepton sector, one can write the charged current interactions
in the mass diagonal basis as
− LCC = g
2
√
2
W †ρ
4∑
i=1
4∑
j=1
ψ¯iγ
ρ{(Dν∗L1iDτL1j +Dν∗L3iDτL3j
+Dν∗L4iD
τ
L4j)(1− γ5) + (Dν∗R2iDτR2j)(1 + γ5)}τj +H.c.. (25)
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4 Interactions of charginos, sleptons and neutrinos
The magnetic dipole moments of the neutrinos arise from loop diagrams of Fig.2. The relevant
part of the Lagrangian that generates this contribution is given by
− Lν−τ˜−χ+ =
4∑
i=1
2∑
j=1
8∑
k=1
ψ¯i[C
L
ijkPL + C
R
ijkPR]χ˜
+
j τ˜k +H.c. (26)
where
CLijk = −f ′1V ∗j2Dν∗R1iD˜τ1k − f ′2V ∗j2Dν∗R2iD˜τ2k + gV ∗j1Dν∗R2iD˜τ4k − h′1V ∗j2Dν∗R3iD˜τ5k − h′2V ∗j2Dν∗R4iD˜τ7k,
CRijk = −f1Uj2Dν∗L1iD˜τ3k − h1Uj2Dν∗L3iD˜τ6k + gUj1Dν∗L1iD˜τ1k + gUj1Dν∗L4iD˜τ7k
− h2Uj2Dν∗L4iD˜τ8k − f2Uj2Dν∗L2iD˜τ4k, (27)
where D˜τ is the diagonalizing matrix of the scalar mass squared matrix for the scalar leptons as
defined in the Appendix. In Eq.(27) U and V are the matrices that diagonalize the chargino mass
matrix MC so that
U∗MCV −1 = diag(m+χ˜1 ,m
+
χ˜2
). (28)
5 An analytical computation of the neutrino magnetic moments
The dipole moments for neutrinos are defined by
< νj(p
′)|Jemα |νi(p) >= µmν (q2)ij u¯j(p′)iσαρqρui(p) + deν(q2)ij u¯j(p′)iσαργ5qρui(p) + · · · (29)
where µmν (q
2)ij is the magnetic dipole form factor and d
e
ν(q
2)ij is the electric dipole form factor.
We are interested in their values at zero momentum transfer, i.e., the quantities µmν (0)ij , d
e
ν(0)ij .
For the case when i = j these moments vanish if the neutrino is a Majorana field, but is in general
non-vanishing for a Dirac neutrino. When i 6= j one has transition moments and they can be
non-vanishing both for Dirac as well as for Majorana neutrinos. The analysis given below is general
in that we consider the lepton and the neutrino mass mixings which form 4× 4 matrices while the
slepton mass squares form an 8 × 8 matrix. A sub case was previously considered in [20] where
only the tau neutrino magnetic moment was computed while the analysis given here is more general.
We now give a computation of the magnetic dipole moment arising from the loop diagrams of
Fig.1 and Fig. 2. First the W boson loops of Fig. 1 produce the following contribution to the
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magnetic moment µi of the neutrino ψi in Bohr magneton units µB(= e/2me) so that
µWi = −
g2me
64pi2M2W
4∑
j=1
mτj [|vij |2 − |aij |2]G1(
mτj
MW
) +
3g2memψi
128pi2M2W
4∑
j=1
[|vij |2 + |aij |2]G2(
mτj
MW
) , (30)
where
vij = D
ν∗
L1iD
τ
L1j +D
ν∗
L3iD
τ
L3j +D
ν∗
L4iD
τ
L4j +D
ν∗
R2iD
τ
R2j ,
aij = D
ν∗
L1iD
τ
L1j +D
ν∗
L3iD
τ
L3j +D
ν∗
L4iD
τ
L4j −Dν∗R2iDτR2j . (31)
The chargino exchange loops of Fig. 2 produce a contribution to the magnetic moments of the
neutrinos in µB units so that
µχi =
me
16pi2
2∑
j=1
8∑
k=1
1
mχj
[|vijk|2 − |aijk|2]G3(mτ˜k
mχj
) +
memψi
48pi2
[|vijk|2 + |aijk|2]G4(mτ˜k
mχj
) , (32)
where
vijk =
1
2
{CLijk + CRijk} ,
aijk =
1
2
{CLijk − CRijk} . (33)
The form factors Gi(x) are given by
G1(x) =
4− x2
1− x2 +
3x2
(1− x2)2 ln(x
2),
G2(x) =
2− 5x2 + x4
(1− x2)2 −
2x4
(1− x2)3 ln(x
2),
G3(x) =
−2
x2 − 1 +
2x2
(x2 − 1)2 ln(x
2),
G4(x) =
3(1 + x2)
(1− x2)2 +
6x2
(1− x2)3 ln(x
2) . (34)
The form factors G1 and G2 arise from the non-supersymmetric loops of Fig. 1 involving the
exchange of the W boson and the charged leptons while the form factors G3 and G4 arise from the
supersymmetric loops of Fig. 2 from the exchange of the charginos and the charged sleptons.
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6 Numerical analysis and results
In this section we give a numerical analysis for the magnetic moment of the electron (µ1) and for
the muon (µ2). In the analysis we will impose the constraint on the sum of the neutrino masses
arising from the Planck Satellite experiment [31] so that
3∑
i=1
mνi < 0.85eV , (35)
where we assume νi (i=1,2,3) to be the mass eigenstates with eigenvalues mνi with the mass
hierarchy given in Eq. (18). Neutrino oscillations constraint the neutrino mass squared differences
so that [32]
∆m231 ≡ m23 −m21 = 2.4+0.12−0.11 × 10−3 eV 2 , (36)
∆m221 ≡ m22 −m21 = 7.65+0.23−0.20 × 10−5 eV 2. (37)
Figure 3: Neutrino radiative decay ψj → ψl + γ via supersymmetric loops involving the charginos
and the sleptons by the emission of the photon from either the chargino (left) or by the slepton
(right) inside the loop.
It is also interesting to include in the analysis of the neutrino magnetic moments the prediction
of the neutrino lifetime for the decay ν3 → ν1γ, ν2γ (see Fig. 3). A computation of the neutrino
lifetime with the standard model interactions gives [33]
τSMν3 ∼ 1043 yrs, (38)
for a ν3 with mass 50 meV. One may compare this with the experimental data from galaxy surveys
within frared satellites AKARI [34], Spitzer [35] and Hershel [36] as well as the high precision cosmic
microwave background (CMB) data collected by the Far Infrared Absolute Spectrometer (FIRAS)
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on board the Cosmic Background explorer (COBE) [37] for the study of radiative decays of the
cosmic neutrinos[38] using the Cosmic Infrared Background (CIB) which gives [38]
τ expν3 ≥ 1012 yrs . (39)
A lifetime orders of magnitude smaller than that of Eq.(38) was shown to arise in the analysis of
[18]. In the analysis of ν3 lifetime here we will use the formulae derived in [18]. As in [18] we
will see that similar size lifetimes also arise with the inputs used in the analysis of the neutrino
magnetic dipole moments presented here.
In Table 1 we give the analysis of neutrino masses for four sets of inputs. For each set of inputs,
in addition to the muon and the electron neutrino magnetic moments, we also display the ν3 lifetime
as well as the lighter chargino and slepton masses that enter the loops. The computed values of the
tau neutrino lifetime are consistent with the analysis of [18]. From Table 1 it is clear that µ2 can
lie close to O(10−10)µB which is the current experimental limit. Further µ1 can be O(10−12)µB.
Both µ1 and µ2 are several orders in magnitude greater than that predicted by the Standard Model
type interactions.
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Neutrino Mass Eigenvalues mν3 = 5.2× 10−11
(GeV) mν2 = 9.2× 10−12
mν1 = 9.7× 10−13
(i) mχ± = 256 GeV µ2 1.2× 10−10
mτ˜ = 162 GeV µ1 2.5× 10−13
ν3 lifetime 3.9× 1014 yrs
(ii) mχ± = 267 GeV µ2 4.6× 10−10
mτ˜ = 202 GeV µ1 1.3× 10−12
ν3 lifetime 2.5× 1014 yrs
(iii) mχ± = 268 GeV µ2 2.2× 10−10
mτ˜ = 158 GeV µ1 1.1× 10−13
ν3 lifetime 1.8× 1014 yrs
(iv) mχ± = 272 GeV µ2 −7.6× 10−10
mτ˜ = 195 GeV µ1 −1.3× 10−13
ν3 lifetime 8.8× 1013 yrs
Table 1: An exhibition of the numerical values for the muon neutrino magnetic moment µ2 and of
the electron neutrino magnetic moment µ1 for four sets of inputs (i)-(iv). The common parameter
for the four sets are: |f3| = 7 × 10−8, |f ′3| = 5 × 10−8, |f ′′3 | = 8 × 10−9, |f ′4| = |f ′′4 | = 42,
|f5| = 8.11 × 10−2, |f ′5| = 9.8 × 10−2, |f ′′5 | = 4 × 10−2, mN = 212, tanβ = 60, χ3 = 0.3, χ′3 = 0.2,
χ′′3 = 0.6, χ4 = 3.1, χ′4 = 0.1, χ′′4 = 0.5, χ5 = 1.9, χ′5 = 0.5 and χ′′5 = 0.7. Additional parameters
which are different for different sets are as follows: Set (i): mE = 460, m0 = 300, A0 = 579,
m2 = 320, µ = 300 and |f4| = 65. Set (ii): mE = 550, m0 = 300, A0 = 600, m2 = 350, µ = 300 and
|f4| = 65. Set (iii): mE = 550, m0 = 305, A0 = 650, m2 = 355, µ = 300 and |f4| = 65. Set (iv):
mE = 703, m0 = 335, A0 = 780, m2 = 320, µ = 305 and |f4| = 64. All masses are in GeV, phases
in rad and magnetic moments in units of µB. The neutrino mass eigenvalues and the ν3 lifetime
are also exhibited.
Fig. 4 displays the neutrino magnetic moments µ1 and µ2 as a function of the soft SU(2) gaugino
mass m2. The gaugino mass m2 enters the analysis via the chargino mass matrix. The analysis of
Fig. 4 is for three values of tanβ which from top to bottom are 40, 50 and 60 which correspond to
the unmarked solid, long -dashed and short-dashed curves. We note that the largest contribution to
the magnetic moments arise from the supersymmetric sector, i.e., from the chargino exchange loop
diagrams while the W exchange loop diagrams make a negligible contribution. Fig. 4 shows that
µ2 can be O(10−10µB) and the predicted values fall below but are close to the experimental upper
limit. As for µ1, the predicted values can reach ∼ 10−13µB which is clearly a major enhancement
on what is predicted by the Standard Model like interactions. The ν3 lifetime corresponding to the
cases tanβ = 40, 50, 60 is also exhibited by the marked curves.
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(a) The muon neutrino magnetic moment and the tau
neutrino lifetime versus m2.
(b) The electron neutrino magnetic moment and the tau
neutrino lifetime versus m2.
Figure 4: A display of the neutrino magnetic moments (unmarked solid, long dashed and short
dashed) and the ν3 lifetime (marked solid, long dashed and short dashed) as a function of the
gaugino mass m2 in the range 150-650 GeV. The three sets of curves correspond to tanβ = 40
(solid curve), tanβ = 50 (long dashed), and tanβ = 60 (short dashed). Other parameters have the
values µ = 100, |f3| = 7 × 10−8, |f ′3| = 5 × 10−8, |f ′′3 | = 8 × 10−9, |f4| = 57, |f ′4| = 42, |f ′′4 | = 42,
|f5| = 8.11× 10−2, |f ′5| = 9.8× 10−2, |f ′′5 | = 4× 10−2, mN = 212, A0 = 570, mE = 360, m0 = 300,
χ3 = 0.3, χ
′
3 = 0.2, χ
′′
3 = 0.6, χ4 = 2.8, χ
′
4 = 0.1, χ
′′
4 = 0.5, χ5 = 1.9, χ
′
5 = 0.5 and χ
′′
5 = 0.7. All
masses are in GeV and the phases in rad.
Fig. 5 exhibits the variation of the neutrinos magnetic moments with the trilinear coupling A0
in the range 150 − 600 GeV where in the analysis we assumed Aτ = AE = Aµ = Ae = A0. The
trilinear coupling appears in the slepton mass squared matrix and thus affects the chargino-slepton
loop contribution. As in Fig. 4 the magnetic moment analysis corresponding to tanβ = 40, 50, 60
are displayed while the corresponding analysis for the ν3 lifetime are exhibited by marked lines. A
sample point in the analysis is tanβ = 50 (long-dashed curve) and A0 = 600 GeV where µ2 takes
a value ∼ 1.1× 10−10µB and τν3 ∼ 7× 1013 yrs.
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(a) The muon neutrino magnetic moment and the tau
neutrino lifetime versus A0.
(b) The electron neutrino magnetic moment and the tau
neutrino lifetime versus A0.
Figure 5: A display of the neutrino magnetic moments and ν3 lifetime as a function of the trilinear
coupling A0 in the range 150-600 GeV. The left panel gives the ν2 magnetic moment and the right
panel gives the ν1 magnetic moment along with the ν3 lifetime. The curves correspond to tanβ = 40
(solid), tanβ = 50 (long dashed), and tanβ = 60 (short dashed). The marked curves correspond
to the ν3 lifetime. Other parameters have the values m2 = 297.8, µ = 100, |f3| = 7 × 10−8,
|f ′3| = 5×10−8, |f ′′3 | = 8×10−9, |f4| = 57, |f ′4| = 42, |f ′′4 | = 42, |f5| = 8.11×10−2, |f ′5| = 9.8×10−2,
|f ′′5 | = 4× 10−2, mN = 212, mE = 360, m0 = 300, χ3 = 0.3, χ′3 = 0.2, χ′′3 = 0.6, χ4 = 3.1, χ′4 = 0.1,
χ′′4 = 0.5, χ5 = 1.9, χ′5 = 0.5 and χ′′5 = 0.7. All masses are in GeV and the phases in rad.
Fig. 6 exhibits the variation of the neutrino magnetic moments versus the magnitude of the cou-
pling f3 for tanβ = 40, 50, 60 starting from the bottom solid curve going to the top short-dashed
curve. As in the previous figures the unmarked curves are for the neutrinos magnetic moments
while the marked ones are for the ν3 lifetime. The analysis of the figure shows that the muon
neutrino magnetic moment can take values of the order of 10−10µB while the electron neutrino
magnetic moment can reaches values ∼ 2 × 10−12µB. Also as in the previous case the constraints
on ∆m231, ∆m
2
21, and on the sum of the neutrino masses must be satisfied. An example of such a
point is |f3| = 7× 10−8 GeV and tanβ = 60, which gives µ2 = 6.6× 10−10µB, µ1 = 1.9× 10−12µB
and τν3 = 2.4 × 1014 yrs. It is worth noting that µ1 is not affected much by the change in |f3| as
can be seen from the graph, where the curves are almost horizontal straight lines.
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(a) The muon neutrino magnetic moment and tau neu-
trino lifetime versus |f3|.
(b) The electron neutrino magnetic moment and the tau
neutrino lifetime versus |f3|.
Figure 6: A display of the neutrino magnetic moments and the ν3 lifetime as a function of |f3|.
The left panel gives the ν2 magnetic moment while the right panel gives the ν1 magnetic moment
along with the ν3 lifetime. The three curves correspond to the values of tanβ = 40 (solid curve),
tanβ = 50 (dashed), and tanβ = 60 (dotted). The marked curves correspond to the ν3 lifetime.
Other parameters have the values m2 = 250, µ = 100, |f ′3| = 5× 10−8, |f ′′3 | = 8× 10−9, |f4| = 55,
|f ′4| = 42, |f ′′4 | = 42, |f5| = 8.11× 10−2, |f ′5| = 9.8× 10−2, |f ′′5 | = 4× 10−2, mN = 212, mE = 360,
m0 = 300, χ3 = 0.3, χ
′
3 = 0.2, χ
′′
3 = 0.6, χ4 = 1.8, χ
′
4 = 2.9, χ
′′
4 = 0.5, χ5 = 1.9, χ
′
5 = 0.5, χ
′′
5 = 0.7
and A0 = 579. All masses are in GeV and the phases in rad.
Next we study the effect of CP phases on the magnetic moment and on the ν3 lifetime (for a
review see [39]). Thus, e.g., in [40] the dependence of the muon magnetic moment on CP phases
was investigated and its sharp dependence on several CP phases in MSSM was found. Thus we
expect that here also the neutrino magnetic moments will be sensitive to the CP phases. We begin
by defining the CP phases χi and χ
′
i (i=1-5) by
fi = |fi|eiχi , f ′i = |f ′i |eiχ
′
i , i = 3− 5 . (40)
In Fig. 7 we exhibit the dependence of the magnetic moments and of the ν3 lifetime on the CP
phase χ4. The coupling f4 appears in the lepton mass matrix and in the slepton mass squared
matrix and thus the the phase enters in the W exchange contribution as well as in the chargino
exchange contribution to the magnetic moment. Variation of χ4 has no influence on the neutrino
mass matrix. Fig. 7 exhibits the variation of µ1 and µ2 and of ν3 lifetime with χ4 for three values
of mE , i.e., for mE = 360, 460 and 560 GeV starting from the solid curve down to the short-dashed
curve. It is seen that significantly larger magnetic moments and significantly smaller ν3 lifetime
relative to the standard model case are obtained as in the previous cases.
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(a) The muon neutrino magnetic moment and the tau
neutrino lifetime versus χ4.
(b) The electron neutrino magnetic moment and the tau
neutrino lifetime versus χ4.
Figure 7: A display of the neutrino magnetic moments and the ν3 lifetime as a function of the phase
χ4. The left panel shows the ν2 magnetic moment and the right panel shows the ν1 magnetic moment
along with the ν3 lifetime. The three curves correspond to the values of mE = 360 (solid curve),
mE = 460 (long dashed), and mE = 560 (short dashed). The marked curves correspond to the ν3
lifetime. Other parameters have the values m2 = 250, µ = 100, |f3| = 7 × 10−8, |f ′3| = 5 × 10−8,
|f ′′3 | = 8×10−9, |f4| = 55, |f ′4| = 42, |f ′′4 | = 42, |f5| = 8.11×10−2, |f ′5| = 9.8×10−2, |f ′′5 | = 4×10−2,
mN = 212, m0 = 300, A0 = 579, χ3 = 0.3, χ
′
3 = 0.2, χ
′′
3 = 0.6, χ
′
4 = 2.9, χ
′′
4 = 0.5, χ5 = 1.9,
χ′5 = 0.5, χ′′5 = 0.7 and tanβ = 50. All masses are in GeV and the phases in rad.
In Fig. 8 the dependence of the neutrino magnetic moments on the phase χ5 is exhibited for
three different values of χ′5 from the upper solid curve down to the short-dashed curve at χ5 = 0,
and χ′5 = 0.5, 1.0, 1.5 rad. Here one finds that the variation of χ5 produces a dramatically different
effect on µ1 vs µ2. Thus µ2 has essentially a gentle dependence on χ5 while µ1 exhibits a much
more rapid variation . Changing χ′5 does not alter µ2 by much which is why the curves are nearly
overlapping. Over the entire χ5 range (0→ pi rad), the values of µ2 stretch from ∼ 2.6× 10−10µB
to ∼ 4.2 × 10−10µB which lie below the current experimental upper bounds but are tantalizingly
close to it. The corresponding ν3 lifetimes are also encouraging. As for µ1, its value is very sensitive
to variations in the phase χ5 and a major shift in peaks occurs for the three considered values of
χ′5. Values in the order of 10−13µB are obtained in this parameter space. In the previous analysis
shown in figs. 4 and 5, the neutrino masses lie in the required range and thus the three constraints
of Eqs. (35)–(37) were satisfied. Here, changing χ5 will impact the neutrino diagonalizing matrices
DνR and D
ν
L and one needs to make certain that the neutrino eigenmasses lie in the acceptable
range. In Fig. 8, one finds that for the parameter point χ5 = 1.9 rad and χ
′
5 = 0.5 rad all con-
straints are satisfied along with desirable values of the ν3 lifetime, and of µ2 and µ1, i.e., here one
has µ2 = 3.6× 10−10µB, µ1 = 1.2× 10−13µB and ν3 = 8.2× 1013 yrs.
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(a) The muon neutrino magnetic moment and tau neu-
trino lifetime versus χ5.
(b) The electron neutrino magnetic moment and tau neu-
trino lifetime versus χ5.
Figure 8: A display of the neutrino magnetic moments and the ν3 lifetime as a function of the
phase χ5. The left panel gives the ν2 magnetic moment and the right panel gives the ν1 magnetic
moment along with the ν3 lifetime. The three curves correspond to χ
′
5 = 0.5 (solid), χ
′
5 = 1.0 (long
dashed), and χ′5 = 1.5 (short dashed). The marked curves correspond to the ν3 lifetime. Other
parameters have the values m2 = 300, µ = 100, |f3| = 7 × 10−8, |f ′3| = 5 × 10−8, |f ′′3 | = 8 × 10−9,
|f4| = 57, |f ′4| = 42, |f ′′4 | = 42, |f5| = 8.11 × 10−2, |f ′5| = 9.8 × 10−2, |f ′′5 | = 4 × 10−2, mN = 212,
mE = 360, m0 = 300, χ3 = 0.3, χ
′
3 = 0.2, χ
′′
3 = 0.6, χ4 = 2.8, χ
′
4 = 0.1, χ
′′
4 = 0.5, A0 = 579,
tanβ = 60 and χ′′5 = 0.7. All masses are in GeV and the phases in rad.
In summary, the analysis of Figs. 4- 8 shows that the neutrino magnetic moments as low as the
current experimental lower limits can be obtained with a vectorlike generation. These magnetic
moments are up to 7 orders of magnitude larger than with the Standard Model interactions and
within the reach of improved experiment.
Finally we compare our results with some previous works where neutrino magnetic moments
much larger than given in Eq.(1) were achieved. Thus the analysis of [41, 42] achieved neutrino
magnetic moments as large as (10−17 − 10−16)µB which are up to five to six orders of magnitude
larger than given by Eq.(1) when one uses a generic neutrino mass of 10−3 eV in Eq. (1). Our
predicted neutrino moments fall in the range (10−12−10−14)µB and are up to (108−1010) orders of
magnitude larger than the result of Eq.(1). Further, the analysis of [41, 42] is based on models with
explicit R -parity violation and the low energy signatures of such models will have no large missing
energy signals which are typically associated with R-parity conserving supersymmetric models. In
contrast our analysis is done in extensions of MSSM with R parity conservation. Thus the set up
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as well as the predictions of our work are very different from the works of [41, 42].
7 Conclusion
It is well known that the neutrino Dirac magnetic moment computed using the standard model
interactions is far too small to be tested by experiment since it would require an increase in sen-
sitivity by several orders of magnitude which appears out of reach in the current and in the near
future experiments. Since the neutrino magnetic moment in the standard model is too small to be
observed, an observation of a much larger moment will be a clear indication of new physics beyond
the standard model. In this work we have carried out an analysis of the neutrino magnetic moments
within in an extension of MSSM which includes a vectorlike leptonic generation which contains a
fourth leptonic generation along with its mirrors. We assume terms in the superpotential of the
theory that mix the ordinary leptonic generation with the vectorlike generation. The analysis of the
neutrino magnetic moment within this framework shows that a magnetic moment for the neutrinos
as large as (10−12 − 10−14)µB can be obtained. These values thus lie within reach of improved
experiment in the future. The analysis is of importance since neutrino magnetic moments have
implications for particle physics as well as for astrophysical phenomena, and as already mentioned
an observation of it of a size significantly larger than predicted with the standard model like inter-
actions would provide a clear indication of new physics beyond the standard model.
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8 Appendix: Further details on the scalar mass squared matrices
In this Appendix we give further details of the structure of the slepton mass matrices. The mass
terms arising from the superpotential are given by
LmassF = LmassC + LmassN , (41)
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where LmassC gives the mass terms for the charged leptons while LmassN gives the mass terms for the
neutrinos. For LmassC we have
−LmassC =
(
v22|f ′2|2
2
+ |f3|2 + |f ′3|2 + |f ′′3 |2
)
E˜RE˜
∗
R +
(
v22|f ′2|2
2
+ |f4|2 + |f ′4|2 + |f ′′4 |2
)
E˜LE˜
∗
L
+
(
v21|f1|2
2
+ |f4|2
)
τ˜Rτ˜
∗
R +
(
v21|f1|2
2
+ |f3|2
)
τ˜Lτ˜
∗
L +
(
v21|h1|2
2
+ |f ′4|2
)
µ˜Rµ˜
∗
R
+
(
v21|h1|2
2
+ |f ′3|2
)
µ˜Lµ˜
∗
L +
(
v21|h2|2
2
+ |f ′′4 |2
)
e˜Re˜
∗
R +
(
v21|h2|2
2
+ |f ′′3 |2
)
e˜Le˜
∗
L
+
{
− f1µ
∗v2√
2
τ˜Lτ˜
∗
R −
h1µ
∗v2√
2
µ˜Lµ˜
∗
R −
f ′2µ∗v1√
2
E˜LE˜
∗
R +
(
f ′2v2f∗3√
2
+
f4v1f
∗
1√
2
)
E˜Lτ˜
∗
L
+
(
f4v2f
′∗
2√
2
+
f1v1f
∗
3√
2
)
E˜Rτ˜
∗
R +
(
f ′3v2f ′∗2√
2
+
h1v1f
′∗
4√
2
)
E˜Lµ˜
∗
L +
(
f ′2v2f ′∗4√
2
+
f ′3v1h∗1√
2
)
E˜Rµ˜
∗
R
+
(
f ′′∗3 v2f ′2√
2
+
f ′′4 v1h∗2√
2
)
E˜Le˜
∗
L +
(
f ′′4 v2f ′∗2√
2
+
f ′′∗3 v1h∗2√
2
)
E˜Re˜
∗
R + f
′
3f
∗
3 µ˜Lτ˜
∗
L + f4f
′∗
4 µ˜Rτ˜
∗
R
+f4f
′′∗
4 e˜Rτ˜
∗
R + f
′′
3 f
∗
3 e˜Lτ˜
∗
L + f
′′
3 f
′∗
3 e˜Lµ˜
∗
L + f
′
4f
′′∗
4 e˜Rµ˜
∗
R −
h2µ
∗v2√
2
e˜Le˜
∗
R +H.c.
}
(42)
For LmassN we have
− LmassN =
(
v21|f2|2
2
+ |f3|2 + |f ′3|2 + |f ′′3 |2
)
N˜RN˜
∗
R
+
(
v21|f2|2
2
+ |f5|2 + |f ′5|2 + |f ′′5 |2
)
N˜LN˜
∗
L +
(
v22|f ′1|2
2
+ |f5|2
)
ν˜τRν˜
∗
τR
+
(
v22|f ′1|2
2
+ |f3|2
)
ν˜τLν˜
∗
τL +
(
v22|h′1|2
2
+ |f ′3|2
)
ν˜µLν˜
∗
µL +
(
v22|h′1|2
2
+ |f ′5|2
)
ν˜µRν˜
∗
µR
+
(
v22|h′2|2
2
+ |f ′′3 |2
)
ν˜eLν˜
∗
eL +
(
v22|h′2|2
2
+ |f ′′5 |2
)
ν˜eRν˜
∗
eR
+
{
− f2µ
∗v2√
2
N˜LN˜
∗
R −
f ′1µ∗v1√
2
ν˜τLν˜
∗
τR −
h′1µ∗v1√
2
ν˜µLν˜
∗
µR +
(
f5v2f
′∗
1√
2
− f2v1f
∗
3√
2
)
N˜Lν˜
∗
τL
+
(
f5v1f
∗
2√
2
− f
′
1v2f
∗
3√
2
)
N˜Rν˜
∗
τR +
(
h′1v2f ′∗5√
2
− f
′
3v1f
∗
2√
2
)
N˜Lν˜
∗
µL +
(
f ′′5 v1f∗2√
2
− f
′′∗
3 v2h
′
2√
2
)
N˜Rν˜
∗
eR
+
(
h′∗2 v2f ′′5√
2
− f
′′∗
3 v1f2√
2
)
N˜Lν˜
∗
eL +
(
f ′5v1f∗2√
2
− h
′
1v2f
′∗
3√
2
)
N˜Rν˜
∗
µR
+ f ′3f
∗
3 ν˜µLν˜τ∗L + f5f
′∗
5 ν˜µRν˜
∗
τR −
h′2µ∗v1√
2
ν˜eLν˜
∗
eR
+ f ′′3 f
∗
3 ν˜eLν˜
∗
τL + f5f
′′∗
5 ν˜eRν˜
∗
τR + f
′′
3 f
′∗
3 ν˜eLν˜
∗
µL + f
′
5f
′′∗
5 ν˜eRν˜
∗
µR +H.c.
}
.
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We define the scalar mass squared matrix M2τ˜ in the basis (τ˜L, E˜L, τ˜R, E˜R, µ˜L, µ˜R, e˜L, e˜R). We
label the matrix elements of these as (M2τ˜ )ij = M
2
ij where the elements of the matrix are given by
M211 = M˜
2
τL +
v21|f1|2
2
+ |f3|2 −m2Z cos 2β
(
1
2
− sin2 θW
)
,
M222 = M˜
2
E +
v22|f ′2|2
2
+ |f4|2 + |f ′4|2 + |f ′′4 |2 +m2Z cos 2β sin2 θW ,
M233 = M˜
2
τ +
v21|f1|2
2
+ |f4|2 −m2Z cos 2β sin2 θW ,
M244 = M˜
2
χ +
v22|f ′2|2
2
+ |f3|2 + |f ′3|2 + |f ′′3 |2 +m2Z cos 2β
(
1
2
− sin2 θW
)
,
M255 = M˜
2
µL +
v21|h1|2
2
+ |f ′3|2 −m2Z cos 2β
(
1
2
− sin2 θW
)
,
M266 = M˜
2
µ +
v21|h1|2
2
+ |f ′4|2 −m2Z cos 2β sin2 θW ,
M277 = M˜
2
eL +
v21|h2|2
2
+ |f ′′3 |2 −m2Z cos 2β
(
1
2
− sin2 θW
)
,
M288 = M˜
2
e +
v21|h2|2
2
+ |f ′′4 |2 −m2Z cos 2β sin2 θW ,
M212 = M
2∗
21 =
v2f
′
2f
∗
3√
2
+
v1f4f
∗
1√
2
,
M213 = M
2∗
31 =
f∗1√
2
(v1A
∗
τ − µv2),
M214 = M
2∗
41 = 0,M
2
15 = M
2∗
51 = f
′
3f
∗
3 ,
M2∗16 = M
2∗
61 = 0,M
2∗
17 = M
2∗
71 = f
′′
3 f
∗
3 ,M
2∗
18 = M
2∗
81 = 0,M
2
23 = M
2∗
32 = 0,
M224 = M
2∗
42 =
f ′∗2√
2
(v2A
∗
E − µv1),M225 = M2∗52 =
v2f
′
3f
′∗
2√
2
+
v1h1f
∗
4√
2
,
M226 = M
2∗
62 = 0,M
2
27 = M
2∗
72 =
v2f
′′
3 f
′∗
2√
2
+
v1h1f
′∗
4√
2
,M228 = M
2∗
82 = 0,
M234 = M
2∗
43 =
v2f4f
′∗
2√
2
+
v1f1f
∗
3√
2
,M235 = M
2∗
53 = 0,M
2
36 = M
2∗
63 = f4f
′∗
4 ,
M237 = M
2∗
73 = 0,M
2
38 = M
2∗
83 = f4f
′′∗
4 ,M
2
45 = M
2∗
54 = 0,M
2
46 = M
2∗
64 =
v2f
′
2f
′∗
4√
2
+
v1f
′
3h
∗
1√
2
,
M247 = M
2∗
74 = 0,M
2
48 = M
2∗
84 =
v2f
′
2f
′′∗
4√
2
+
v1f
′′
3 h
∗
2√
2
,
M256 = M
2∗
65 =
h∗1√
2
(v1A
∗
µ − µv2),M257 = M2∗75 = f ′′3 f ′∗3 ,M258 = M2∗85 = 0,M267 = M2∗76 = 0,
M268 = M
2∗
86 = f
′
4f
′′∗
4 ,M
2
78 = M
2∗
87 =
h∗2√
2
(v1A
∗
e − µv2) (43)
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Here the terms M211,M
2
13,M
2
31,M
2
33 arise from soft breaking in the sector τ˜L, τ˜R, the terms
M255,M
2
56,M
2
65,M
2
66 arise from soft breaking in the sector µ˜L, µ˜R, the terms M
2
77,M
2
78,M
2
87,M
2
88
arise from soft breaking in the sector e˜L, e˜R and the terms M
2
22,M
2
24, M
2
42,M
2
44 arise from soft
breaking in the sector E˜L, E˜R. The other terms arise from mixing between the staus, smuons and
the mirrors. We assume that all the masses are of the electroweak size so all the terms enter in the
mass squared matrix. We diagonalize this hermitian mass squared matrix by the unitary trans-
formation D˜τ†M2τ˜ D˜
τ = diag(M2τ˜1 ,M
2
τ˜2
,M2τ˜3 ,M
2
τ˜4
,M2τ˜5 ,M
2
τ˜6
,M2τ˜7 ,M
2
τ˜8
). For a further clarification of
the notation see [23].
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